Measurement of the Proton's Neutral Weak Magnetic Form Factor by Mueller, B. et al.
ar
X
iv
:n
uc
l-e
x/
97
02
00
4v
1 
 2
6 
Fe
b 
19
97
Measurement of the Proton’s Neutral Weak Magnetic Form Factor
B. Mueller1, D. H. Beck2, E. J. Beise3, E. Candell ∗4, L. Cardman†2, R. Carr1, R. C. DiBari4, G. Dodson5, K. Dow5,
F. Duncan3, M. Farkhondeh5, B. W. Filippone1, T. Forest2, H. Gao‡2, W. Korsch§1, S. Kowalski5, A. Lung3, R. D.
McKeown1, R. Mohring3, J. Napolitano4, D. Nilsson2, M. Pitt∗∗1, N. Simicevic††2, B. Terburg2, and S. P. Wells††5
1 Kellogg Radiation Laboratory, California Institute of Technology Pasadena, CA 91125, USA
2 University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
3 University of Maryland, College Park, Maryland 20742
4 Rensselaer Polytechnic Institute, Troy, New York 12180
5 Bates Linear Accelerator Center, Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(SAMPLE Collaboration)
We report the first measurement of the parity-violating asymmetry in elastic electron scattering
from the proton. The asymmetry depends on the neutral weak magnetic form factor of the proton
which contains new information on the contribution of strange quark-antiquark pairs to the magnetic
moment of the proton. We obtain the value GZM = 0.34 ± 0.09 ± 0.04 ± 0.05 n.m. at Q
2 = 0.1
(GeV/c)2.
The measurement of strange quark-antiquark (s¯s) ef-
fects in the nucleon offers a unique window to study the
effects of the q¯q “sea” at low momentum transfers. This
information is an important clue to the dynamical effects
of QCD that are responsible for form factors in the non-
perturbative regime, and may lead to new insight into
the origins of these effects.
It has been shown1 that the neutral weak current can
be used to determine the s¯s contributions to nucleon form
factors. The magnetic moment is one important nucleon
property that can be studied in this fashion. The neutral
weak magnetic form factor of the proton can be measured
in parity-violating electron scattering,2 thus providing in-
formation on the s¯s content of the nucleon’s magnetic
moment. In this Letter, we report the first such mea-
surement and obtain the first direct experimental data
relevant to determination of the strange magnetic mo-
ment of the proton.
To lowest order (tree-level), the neutral weak mag-
netic form factor of the proton GZM can be related to
nucleon electromagnetic form factors and a contribution
from strange quarks:
GZM =
1
4
(GpM −GnM )− sin2 θW GpM −
1
4
GsM (1)
where GpM and G
n
M are the (electromagnetic) nucleon
magnetic form factors, and θW is the weak mixing an-
gle. (Note that the weak mixing angle has recently
been determined3 with high precision: sin2 θW (MZ) =
0.2315 .) Electroweak radiative corrections must be ap-
plied to the coefficients in Eq. (1), which have been com-
puted in Ref. 4. Then measurement of the neutral weak
form factor GZM will allow (after combination with the
well known electromagnetic form factors) determination
of the strange magnetic form factor GsM . There have
been a variety of theoretical predictions for GsM in the
limit of zero momentum transfer (≡ µs) over the last few
years, and summaries of them are presented in references
5 and 7. The typical magnitude is −0.3 n.m., although
the predictions range from -0.73 to +0.42 n.m. .
As mentioned above, the quantity GZM for the proton
can be measured via elastic parity-violating electron scat-
tering at backward angles.2 The difference in cross sec-
tions for right and left handed incident electrons arises
from interference of the electromagnetic and neutral weak
amplitudes, and so contains products of electromagnetic
and neutral weak form factors. The expression for elastic
scattering from the proton is given by
A =
σR − σL
σR + σL
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where ε, ε′, and τ are kinematic quantities, and Q2 > 0 is
the four-momentum transfer.5 In addition to the electric
and magnetic neutral weak form factors, GZE and G
Z
M ,
the numerator of this expression also contains the neu-
tral weak axial form factor:
GZA = −
1
2
(1 +RA)GA +
1
4
GsA (3)
where we take GA = 1.2601 from neutron beta decay
3,
GsA = ∆s ∼ −0.1 is from polarized deep inelastic
scattering6, and RA ∼ −0.34 is the axial radiative
correction.4,5 This axial radiative correction is quite un-
certain and we assign a 100% uncertainty to this correc-
tion. The uncertainty due to the GsA term is about an
order of magnitude smaller than the radiative correction
uncertainty.
The SAMPLE experiment measures the parity-
violating asymmetry in the elastic scattering of 200 MeV
incident electrons at backward angles with an average
Q2 ≃ 0.1(GeV/c)2 For GsM = 0, the value of GZM (at
Q2 = 0.1 GeV2) is 0.40 and the expected asymmetry in
the SAMPLE experiment is −7.2× 10−6 or -7.2 ppm; for
GsM = −0.3 n.m., GZM = 0.48 and we would then expect
A = −8.3 ppm. At these kinematics the axial term con-
tributes about 30% of the asymmetry, so the uncertainty
due to the axial term is ±0.7 ppm.
The experiment is performed at the MIT/Bates Linear
Accelerator Center using a 200 MeV polarized electron
beam incident on a liquid hydrogen target. The scat-
tered electrons are detected in a large solid angle (∼ 2
sr) Cerenkov detector at backward angles 130◦ < θ <
170◦ corresponding to the range of momentum transfers
0.10 < Q2 < 0.11 (GeV/c)2.
The liquid hydrogen target is 40 cm long, and is part
of a high flow-rate recirculating liquid hydrogen system
with a heat exchanger to remove the ∼ 500 watts of
heat deposited by the electron beam. Studies of the
performance8 of the target indicate that with 40 µA of
beam the target can be maintained as a sub-cooled liq-
uid and that density fluctuations are less than 0.1%. The
fluctuations in the detected signal are then dominated by
counting statistics of the scattered particles.
The detector consists of 10 large mirrors, each with el-
lipsoidal curvature to focus the Cerenkov light onto one
of ten photomultiplier tubes. Each photomultiplier is 8
inches in diameter and is shielded from the target and
room background by a cast lead shield. In addition, 2mm
of Pb on the scattering chamber wall is essential to re-
duce the x-ray background in the detector to a reasonable
level.
A remotely controlled light shutter can cover each pho-
tomultiplier tube for background measurements. We typ-
ically take one third of our data with shutters closed to
monitor this background. We have determined that this
background is soft electromagnetic radiation (a thin Pb
shield eliminates it) and arises from showering in the tar-
get plus additional scattering from downstream of the ap-
paratus. Electromagnetic background generated by soft
bremsstrahlung will have negligible helicity dependence.
(The parity-violating asymmetry is proportional to the
squared momentum transfer to the proton which is ex-
tremely small.) Our measurements do verify an absence
of helicity dependence to this signal (see Table 1). In
addition, we study the detector signals with covers on
the mirrors to analyze the signals we observe for non-
Cerenkov sources of light. The observed elastic scatter-
ing signal and background levels are in good agreement
with expectations.
The incident electron beam is pulsed at 600 Hz; each
detector signal is integrated over the ∼ 15µsec of every
beam pulse and digitized. The beam intensity is sim-
ilarly integrated and digitized. The ratio of integrated
detector signal to the integrated beam signal is the nor-
malized yield which is proportional to the cross section
(plus background). We then measure the helicity depen-
dent asymmetry in the normalized yield which yields the
parity-violating asymmetry A. All 10 detectors are com-
bined in software during the data analysis.
The polarized electron source is a GaAs photoemission
source. The laser beam that is incident on the GaAs
crystal is circularly polarized by a λ/4 Pockels cell. The
electron beam helicity is rapidly reversed by changing the
voltage on the Pockels cell to reverse the circular polariza-
tion of the light. The helicity is randomly chosen for each
of 10 consecutive beam pulses and then the complement
helicities are used for the next 10 pulses. The asym-
metry in the normalized yields is computed for “pulse
pairs” separated by 1/60 of a second to minimize sys-
tematic errors. Each pulse pair asymmetry corresponds
to a measurement of the parity-violating cross section
asymmetry. These are then combined in 30 minute runs
corresponding to typically 0.5 million measurements. An
active feedback system9 keeps the helicity correlations in
the beam intensity averaged to zero to better than 1 ppm.
The beam helicity can be manually reversed by rotat-
ing a λ/2 plate which reverses the helicity of the light
(and the beam) relative to all electronic signals. We de-
note this setting as “reverse” as opposed to the “nor-
mal” setting; a real parity violation signal will appear
to change sign under this “slow reversal”. Electronic
crosstalk and other effects will not change under “slow
reversal”, so this is an important test that our signal is
not some spurious systematic effect.
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The electron polarization is measured using a Moller
apparatus on the beamline and is typically 35%. A Wien
spin rotator located at the exit of the polarized source
is used to rotate the spin for investigation of transverse
spin asymmetries and minimize their effects during par-
ity violation measurements. Based on these studies, the
effect of transverse components of electron polarization
to the observed parity violation signal is determined to
be negligible.
The beam position and angle at the target in both
transverse dimensions (x and y), the beam energy, and
the “halo” of the beam are continuously monitored for
every beam pulse. If a helicity correlation is present,
then we can correct the detector normalized yield asym-
metries to remove its effect. In practice, these corrections
are generally less than 1ppm per run and approximately
average to zero over many runs. Other properties, such
as the width of the beam, are studied during special runs
to verify the absence of helicity correlations.
An important consideration in analyzing the data is
the fraction of detector signal that is actually from elas-
tic scattering. The breakdown of our signal is summa-
rized in Table 1 along with information on the asymme-
tries associated with all background processes. In order
to study these backgrounds, we developed a technique of
accelerating “tracer bullets” of ∼ 0.1mA peak current in-
terspersed with very weak beam pulses with typical peak
currents in the nA range. One can then use more conven-
tional pulse counting techniques to study the Cerenkov
detector response. This method clearly shows the relative
fraction of scintillation light (events with only one photo-
electron) relative to Cerenkov light (events with several
photoelectrons). The Cerenkov light is almost totally
due to elastic scattering of electrons from protons, with
a small contribution due to pion decays. The pion back-
ground is rather small because the low incident beam
energy (200 MeV) is close to the production threshold.
The pion yield has been calculated using known photo-
production cross sections, and the low pi+ yield is verified
by measurement of the rate of delayed signals from muon
decays just after the electron beam pulse ends. In addi-
tion, we use a NaI detector behind a mirror in coincidence
to check the spectrum of scattered electrons and compare
with computer simulations.
We have acquired a significant data sample from two
runs; one in fall 1995 and one in spring 1996. Combin-
ing the data in each of the two data sets and comput-
ing the physics asymmetry, we obtain the asymmetries
shown in Figure 1. The corrections to the raw measured
asymmetry are the background effects given in Table 1
(1.82 ± 0.13), the correction for (internal and external)
bremsstrahlung radiation (1.16 ± 0.01), and the beam
polarization (1/(0.348± 0.015)). These are combined to
give an overall multiplicative correction of 6.07±0.51. We
have assumed that the shutter closed background and the
x-ray background light have zero asymmetry, as expected
for soft electromagnetic processes. Combining the asym-
metries from the two data sets yields the value for the
parity-violating asymmetry
A = −6.34± 1.45± 0.53 ppm
where the first uncertainty is statistical and the second is
the estimated systematic error. The neutral weak mag-
netic form factor derived from this asymmetry is
GZM (Q
2 = 0.1GeV2) = 0.34± 0.09± 0.04± 0.05 n.m.
where the last uncertainty is due to the axial radiative
correction and other minor form factor uncertainties as-
sociated with extracting GZM from the measured asym-
metry. In the absence of a strange quark contribution
we expect GZM = 0.40 n.m.; our measurement of G
Z
M
thus corresponds to a value of GsM (Q
2 = 0.1GeV2) =
+0.23± 0.37± 0.15± 0.19 n.m.
If we do not assume the shutter closed background to
be identically zero but rather use the measured shutter
closed asymmetry (see Table 1), then the result for A be-
comes −7.38± 2.12± 0.66 ppm where the statistical er-
ror is increased by the shutter closed measurement. This
value is in good agreement with that obtained above.
In the future, for the full hydrogen data set we project
that the statistical error on GZM will be reduced to about
0.05 n.m. Additional running with deuterium will further
reduce the uncertainty in GZM by greatly reducing the er-
ror associated with the axial radiative correction.11 The
deuterium asymmetry contains the same fraction of ax-
ial correction but is almost completely insensitive to GsM .
As a result the ratio Ap/AD has the same sensitivity to
GsM but almost no sensitivity to RA.
Additional experiments to explore other features of
neutral weak currents and strange form factors of the
nucleon are planned at Mainz (MAMI-B)12 and TJNAF
(formerly known as CEBAF)13. These experiments will
provide a new and unique window on the quark structure
of the nucleon, and hopefully will provide important in-
formation towards a more complete understanding of nu-
cleon structure in the context of QCD.
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FIG. 1. Results for the parity-violating asymmetry mea-
sured in the 1995 and 1996 running periods. For each running
period we display the result for the “normal” (squares) and
“reverse” (triangles) settings of slow helicity reversal, which
are in good agreement. The combined result for both helicity
states and both running periods is also shown (circle). The
error bars include statistical errors only. The hatched region
indicates the asymmetry band (due to the uncertain axial ra-
diative correction) for µs = G
s
M = 0.
TABLE I. Components of Detector Signal
Source Fraction Asymmetry
Elastic electrons 54.8 ± 4.0% A
Shutter closed 22.6 ± 0.5% 1.95 ± 3.13 ppm (measured)
pi decays 2.3 ± 1.4% < 1 ppm (Ref. 10)
X-rays (EM) 20.3± 3.7% 0
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